Spatial genetic structure in plants can be affected by continuity of geographical distribution, cultivation history, pollination and seed dispersal mechanisms. Here, we examined the relative effects of these factors on the genetic structure of Agave palmeri and A. parryi, which share similar pollination syndromes and seed dispersal mechanisms but differ in the continuity of their distributions and cultivation history. Agave parryi has a patchy distribution and was cultivated by Native Americans, whereas A. palmeri has a more continuous distribution and no documented history of cultivation. We sampled populations of each species in their North American ranges, genotyped individuals with microsatellite loci and analysed patterns of genetic structure. No genetic structuring was detected in A. palmeri, but A. parryi formed three distinct genetic clusters, corresponding to geographical locations. One genetic cluster of A. parryi contained populations from lower elevations and had lower levels of genetic diversity, probably indicating anthropogenic origins. We conclude that continuity of distribution, pollinators and cultivation history all may affect patterns of genetic connectivity.
INTRODUCTION
An understanding of the population genetic structure of a species can provide useful clues about its life history traits and ecological interactions with mutualists, yielding critical information for conservation and management (Loveless & Hamrick, 1984; Holsinger & Gottlieb, 1991; Petit, El Mousadik & Pons, 1998) . Genetic structure is created by limited migration among populations, genetic drift and different selection regimes occurring across populations (Wright, 1949) . Migration among plant populations is affected by life-history traits, such as mating system, pollinator and seed dispersal mechanism and continuity of geographical distribution (Hamrick, Murawski & Nason, 1993; Hamrick & Godt, 1996) . Many pollinators travel only short distances; e.g. queen bumblebees and hummingbirds travel up to a few hundred metres between flowers (Schulke & Waser, 2001) , such that mating is likely to occur only between closely spaced plants (Schaal, 1974) . Conversely, gene flow across large distances is frequent in wind-pollinated plant species or those pollinated by animals that travel large distances (e.g. bats), acting to reduce the structuring of genetic variation among populations (Law & Lean, 1999; Muir et al., 2004) . Similarly, with seed dispersers, short-distance vectors (e.g. gravity, ants) move seeds only a few metres, thereby limiting migration and promoting the structuring of genetic variation, whereas long-distance vectors (e.g. wind, migratory birds) move seeds much further, thereby facilitating migration and reducing genetic structure (Hamrick, Linhart & Mitton, 1979; Hamrick & Godt, 1989) .
Another important factor affecting is the continuity and size of its geographical distribution relative to the distances that pollinators and seed dispersers travel. Plant species can occur in uniform, clumped or random distributions, and the ranges of species may vary in size from widespread to narrow (Phillips & Macmahon, 1981; Brown, Stevens & Kaufmnan, 1996) . All other things being equal, a plant species with a large, patchy distribution will exhibit stronger genetic structure than one with a small, continuous distribution because it is more difficult to move pollen and seeds across larger spatial distances (Hamrick & Godt, 1996) . Nevertheless, wind may transfer pollen or seeds across large distances, and some animals are able to travel long distances during foraging sessions or migration (Heithaus, Fleming & Opler, 1975; Law & Lean, 1999; Arias-Cóyotl, Stoner & Casas, 2006; Dick et al., 2007) , facilitating migration between even geographically distant plant populations (Arizaga et al., 2000) . However, even though wind and animals such as birds and bats have the ability to transfer genetic material over large distances (Levin & Kerster, 1974; Regal, 1982; Horner, Fleming & Sahley, 1998; Pellmyr, 2009) , plant populations that are spaced farther than the distances that pollen and seed can travel will restrict migration and increase genetic structure.
Genetic diversity and structure in plants may also be affected by their history of use and cultivation by humans (Clement, 1999; Hernández-Verdugo, LunaReyes & Oyama, 2001; Carrasco et al., 2009) . Plant populations that were historically cultivated may be located outside of the natural range of the species, and genetic isolation from source populations may lead to increased structuring of genetic variation. Cultivation of a limited number of individuals may cause a founder effect, resulting in lower genetic diversity (Clement, 1999; Clement et al., 2010) . Artificial selection for agronomically desirable traits in the process of domestication may also decrease genetic variation and further increase genetic structure (Garris et al., 2005; McNally et al., 2009) . On the other hand, cultivation may act to reduce genetic structure if genotypes are obtained from multiple source populations or if gene flow occurs between cultivated genotypes and local wild populations.
Agave L. (Asparagaceae) is a genus of perennial monocots found primarily in the arid regions of the south-western United States and Mexico. Agave spp. are keystone species that disproportionately affect their environmental community relative to their abundance by producing a large inflorescence with copious amounts of nectar and pollen (Heinrich, 1975; Slauson, 2000; Rocha et al., 2006) , which acts as a food reservoir for a large variety of animals and insects. Agave was utilized historically by the Native Americans of the south-western United States and Mexico as a source of fibre, food, beverages and medicine (Castetter, Bell & Grove, 1938; Gentry, 1982) . In areas that were once home to Native American settlements, populations of Agave are often disconnected from their core ranges and are thought to be relicts of past utilization and cultivation (Parker et al., 2007 (Parker et al., , 2010 (Parker et al., , 2014 Figueredo et al., 2015) . Further corroborating the anthropogenic origin of some disjunct populations, especially in the Tucson, Phoenix and Tonto Basins, is archaeological evidence of roasting pits and middens (i.e. waste dumps) used to cook and dispose of Agave (Fish, 2000) .
In this study, we investigated the relative importance of several life-history traits and cultivation history in shaping patterns of genetic structure in two Agave spp., A. palmeri Englem. and A. parryi Englem., native to north-western Mexico and the south-western United States (Slauson, 2000; Scott, 2004) . The species share similar pollination syndromes (i.e. characteristics thought to be adaptations for bat pollination) and have predominantly wind-dispersed seeds, but they differ in the size and continuity of their geographical distribution. Agave palmeri is widely and relatively continuously distributed throughout arid (438 mm mean annual precipitation), mid-elevation sites (900-1850 m), whereas A. parryi occupies more mesic (617 mm mean annual precipitation), high-elevation sites (1500-2500 m) and has a patchier distribution that corresponds to the sky islands of the region (Fig. 1A) . Both species share a rich ethnobotanical history and are among the most important Agave spp. utilized in south-eastern Arizona and south-western New Mexico (Castetter et al., 1938) . Native Americans are thought to have cultivated or dispersed seeds of A. parryi near their camps or villages (Castetter, 1936; Sauer, 1965; Gentry, 1982; Fish et al., 1985) . Cultivated populations of A. parryi were recognized by previous authors by their presence at lower elevations than is typical for the species (Gentry, 1982; Reveal & Hodgson, 2002) , divergent morphology and lower genetic diversity, which is potentially the result of a founder effect (Minnis & Plog, 1976; Parker et al., 2010 Parker et al., , 2014 . Ethnobotanical records suggest that humans in the area utilized A. palmeri (Castetter et al., 1938) , but the species has no documented history of cultivation. Because A. palmeri has not been previously analysed genetically, it is unknown whether populations demonstrate genetic signatures of past cultivation. We sampled individuals from populations of A. parryi and A. palmeri in the same geographical region and genotyped them using microsatellite markers developed for both species (Parker et al., 2010; Lindsay et al., 2012) . We analysed and compared patterns of genetic diversity and population structure in these species, which have similar pollination syndromes and seed dispersal mechanisms, but differ in their continuity of geographical distribution (continuous vs. patchy) and cultivation history. Our objectives were to (1) determine whether the differences in the continuity of the distributions and life-history traits affected patterns of genetic structure in these two species and (2) compare the extent to which we can detect signatures of historical cultivation. We hypothesized that despite the fact that both species have pollinators and seed dispersal vectors that may potentially move genetic material across long distances, the differences between the two species in the continuity of their distributions and cultivation history would result in differences in the extent to which they show genetic structure. Specifically, we expected that relative to A. palmeri, A. parryi would show more genetic structure because it has a patchier geographical range and a history of cultivation. We also expected that a subset of A. parryi populations would show signatures of cultivation, such as being present at lower elevations and lower levels of genetic diversity, but that we would not find similar patterns in A. palmeri.
MATERIAL AND METHODS

Study SpecieS
Agave palmeri is a diploid (Pinkava & Baker, 1985) species in the informal Ditepalae group (Gentry, 1982) and is the largest Agave native to the United States. It occupies grassland and chaparral/pinyonoak woodland habitats and it is distributed widely throughout southern Arizona and New Mexico and northern Mexico (Slauson, 1994) , at elevations of 900-1850 m (Gentry, 1982; Reveal & Hodgson, 2002) . The species can take up to ten years to reach flowering age, produces one large paniculate inflorescence ranging in length from 3-7 m and is semelparous, blooming only once before dying (Gentry, 1972 (Gentry, , 1982 .
Agave parryi is an autotetraploid (Pinkava & Baker, 1985) , mesophytic species in the informal Parryanae group (Gentry, 1982) . It grows in rocky grasslands, oak woodlands and chaparral in the sky-islands region of south-eastern and central Arizona, southern New Mexico, western Texas and the highlands of Mexico, at elevations of 1500-2500 m (Gentry, 1982) . In comparison to A. palmeri, A. parryi has a patchier distribution corresponding to the availability of high-elevation sites with higher annual precipitation (Fig. 1A) . Agave parryi is also semelparous and produces a single large paniculate inflorescence, ranging in length from 4-6 m (Gentry, 1982 (Ullrich, 1992; Reveal & Hodgson, 2002) . In this study, we focus on A. parryi subsp. parryi in Arizona. Prior research (Parker et al., 2014) proposed that populations found at lower elevations (1490-1591 m) in Arizona between the Canelo Hills and Huachuca Mountains to the base of the Santa Rita Mountains are of cultivated origin. Parker et al. (2014) concluded that these populations were morphologically and genetically distinct from the wild populations that occupy sites at higher elevations.
The two Agave spp. in this study have similar pollination syndromes and seed-dispersal mechanisms. The seeds of both species are predominantly windor gravity-dispersed (Gentry, 1982) , but anecdotal evidence suggests that animals also disperse the seeds. Both Agave spp. have flowers that are well adapted for bat pollination, including anthers that dehisce at night, tepals that are leathery and ridged to support bats during feeding, abundant and nocturnally produced nectar and pollen and a strong floral scent similar to fermenting or rotting fruit (Gentry, 1982; Slauson, 2000) ; however, the importance of nectar-feeding bats as a pollinator is unclear. Previous pollination studies showed that A. palmeri were visited by a diverse community of bird and insect pollinators, including diurnal (e.g. passerine birds, hummingbirds and bees) and nocturnal (e.g. moths) species (Slauson, 2000; Lange & Scott, 2001 ), whereas bats visited less frequently. The pollination biology of A. parryi is less well-known, but passerine birds and hummingbirds have been documented visiting the species (Lange & Scott, 2001) . One factor potentially limiting pollination by nectar-feeding bats is the overlap between flowering and the presence of nectarfeeding bats. Agave parryi flowers from May to July (Gentry, 1982; Scott, 2004) , whereas A. palmeri blooms in south-eastern Arizona, from late June to September/October (Howell, 1979; Howell & Roth, 1981; Gentry, 1982; USFWS, 1988; Slauson, 2000; Scott, 2004; Good-Avila et al., 2006) . The more abundant nectarfeeding bat, Leptonycteris yerbabuenae, arrives in south-eastern Arizona in July at the end of the . Map was created using records from GBIF. Different size points are used for the two species to illustrate the differences in the patchiness of the ranges of the species. Red box indicates the sampling region in the present study, which corresponds to the area shown in Figure 1B. (B) Map of the sampling localities of A. parryi (white circles) and A. palmeri (black circles) in the south-western United States. Population numbers correspond to those listed in Tables 1 and S1. flowering period of A. parryi and in the middle of the flowering period A. palmeri (USFWS, 2016) , whereas the less abundant species, Choeronycteris mexicana, is present from May to November (and potentially overwintering in south-eastern Arizona; TPWD, 2017) during the time that both Agave spp. are blooming.
Sample collection
To ensure that comparisons between species were not affected by different geographical features, we focused on populations of A. parryi and A. palmeri in a region of south-eastern Arizona where their ranges overlap (Fig. 1A) . We also focused on populations located within the migratory range of the nectar-feeding bats.
We therefore collected only A. parryi subsp. parryi, as the range A. parry subsp. neomexicana does not overlap with A. palmeri. All necessary permits were obtained prior to sampling. Between 2011 and 2012, we sampled 12 populations of A. palmeri (APM) and 12 populations of A. parryi (APY) across the Madrean Sky Islands of the region (Tables 1 and S1 ; Fig. 1 ), totalling 660 individuals. In each population, leaf tissue was collected from 30 individuals (except populations APY 9-12, which had 15 individuals sampled each; Table 1 ) and was either placed in RNAlater (Qiagen, Hilden, Germany; Ivanova, Fazekas & Hebert, 2008) or dried in silica to preserve DNA for subsequent extraction. Care was taken to collect samples from plants that were widely spaced to reduce the chances of sampling clonal individuals of the same plant. Voucher specimens were collected from each population and deposited in the herbaria at Missouri Botanical Garden (MO) and the University of Arizona (ARIZ); voucher information and detailed GPS coordinates are listed in Table S1 . dna extraction and genotyping DNA was extracted using DNeasy Plant Mini Kits (Qiagen). All samples were genotyped using the seven polymorphic microsatellite markers described in Lindsay et al. (2012) and two additional markers, P1-5G and P1-7A, described in Parker et al. (2010) . Polymerase chain reaction (PCR) amplifications were carried out as described in Lindsay et al. (2012) (5) one cycle of 72°C for 10 min. Labelled PCR products were run on an ABI 3100 Genetic Analyzer (Applied Biosystems, Foster City, California) by loading 1-2 μL PCR product, 0.5 μL Genescan ROX 500 size standard (ABI) and 10 μL HIDI formamide (ABI). Resulting electropherograms were analysed using GeneMapper software (Applied Biosystems, Life Technologies, Grand Island, NY, USA) and scored manually. Failed PCRs were repeated at least once, with ultimately unsuccessful amplifications treated as missing data. Any individuals that did not amplify at five or more loci were excluded from subsequent analysis.
analySiS of genetic diverSity
As an autotetraploid, analysis of microsatellite data for A. parryi was somewhat limited because the electropherograms of heterozygous autotetraploids do not allow for the detection of allele dosages (De Silva et al., 2005) ; e.g. the genotype of a heterozygous autotetraploid with alleles A, B and C could be AABC, ABBC or ABCC. This inability to ascertain allele dosages prohibits the calculation of exact allele frequencies, thereby preventing the use of frequency-based data analyses. Thus, some tests (e.g. inbreeding coefficients, linkage disequilibrium and observed heterozygosity) could only be performed for the diploid A. palmeri. For the remainder of the analyses, we aimed to use measures of genetic diversity and structure that are equivalent across different ploidies to allow for comparison between the two Agave spp. Because many software packages were designed to analyse either diploid or polyploid data, but not both, the use of different analysis methods for the two species was in some cases unavoidable. Diversity statistics for each locus in each population were calculated using Genodive version 2.0b27 (Meirmans & Van Tienderen, 2004) ; measures included number of alleles per locus (A), observed heterozygosity (H O ; A. palmeri only), inbreeding coefficient (F IS ; A. palmeri only) and expected heterozyosity (H E ). Allelic richness (A R ) was calculated using the R package PopGenReport v 3.0 (Adamack & Gruber, 2014) . We tested for linkage disequilibrium (LD) between pairs of loci in each population and for deviations from the Hardy-Weinberg equilibrium (HWE) at each locus/ population combination using Fisher's exact tests in GENEPOP v. 4.2 (Rousset, 2008) 
analySiS of genetic Structure
To understand patterns of pairwise genetic distance between all possible pairs of populations in each species, we used Genodive to calculate Jost's D (Jost, 2008) in A. palmeri and Jost's D that was corrected for allele dosage to account for missing polyploid alleles in A. parryi. To explore the effect null alleles had on pairwise genetic distance, we used FreeNA (Chapuis & Estoup, 2007) to calculate F ST in A. palmeri while correcting for null allele bias.
Patterns of genetic structure were investigated without a priori grouping of individuals into populations using STRUCTURE v. 2.3.4 (Pritchard, Stephens & Donnelly, 2000; Pritchard, Wen & Falush, 2009; Falush, Stephens & Pritchard, 2003) . STRUCTURE assigns individuals into clusters based on HWE while simultaneously estimating allelic frequencies. We conducted separate analyses for A. palmeri and A. parryi to analyse genetic structure within each species. We conducted analyses with ten independent runs at each K (number of clusters), with K ranging from 1 to 10, each with a burn-in of 500 000 iterations, a run length of 1 000 000 iterations, the admixture ancestry model, correlated allele frequencies and a flat prior of K. Population information was used only to organize individuals in figures and to understand how population designations corresponded to patterns of genetic structure. To ensure convergence and repeatability (Gilbert et al., 2012) , we examined the groupings across all runs at each K using CLUMPAK (Kopelman et al., 2015) . To determine the optimal value of K, we inspected plots of -ln likelihood values at each K in Structure Harvester (Earl & VonHoldt, 2012) to identify the K at which -ln likelihood values began to plateau. Following the guidelines for selecting the best value of K (Pritchard et al., 2010) , when several values of K had similar -ln likelihoods, we visually inspected the results at each K to determine whether increasing the values of K revealed clear patterns of genetic structure and we selected the smallest value of K with clear genetic structure. Additionally, we analysed whether populations exhibited isolation by distance (IBD) using a standard Mantel test with 10 000 permutations in Genodive (Mantel, 1967; Meirmans & Van Tienderen, 2004) . We calculated the pairwise genetic distance matrices for the Mantel tests in Genodive using Jost's D (Jost, 2008) and pairwise geographical distance matrices using the Geographic Distance Calculator (Ersts, 2011); see Table S2 for pairwise geographical distances between populations of both species. We also plotted the relationship between pairwise genetic and geographical distances to see if there was an association between the two variables within different distance classes. To further investigate fine-scale genetic structure we tested for autocorrelation at multiple spatial scales from 5-275 km using GenAlEx v 6.503 (Peakall & Smouse, 2006 .
analySiS of anthropogenic originS
To categorize populations as anthropogenic, following the results of Parker et al. (2014) , we inspected the elevations at which the populations were collected and their levels of genetic diversity, including number of alleles, allelic richness and heterozygosity. We considered populations to be anthropogenic if they were both found at lower elevations and had markedly lower genetic diversity.
RESULTS
genetic diverSity
Across all individuals, 34 samples did not amplify for more than loci and were removed from further analysis, leaving 626 individuals: 336 A. palmeri and 290 A. parryi. In both species, all nine loci demonstrated reliable PCR amplification. In populations of A. palmeri, the number of alleles (A) per locus ranged from 6.778 to 9.222, A R ranged from 7.523 to 9.172, H O ranged from 0.300 to 0.585, H E ranged from 0.622 to 0.715 and F IS ranged from 0.104 to 0.513 (Table 1) . After accounting for null alleles (values ranged from 0.062 to 0.247 per population), levels of inbreeding decreased (F IS B ranged from 0.018 to 0.229 per population; Table 1 ). Agave palmeri showed significant deviations from HWE after sequential Bonferroni correction at three loci (APAR2-12, nine populations; APARLC21, eight populations; P1-5G, nine populations). Analyses of LD using sequential Bonferroni correction found no evidence of linkage between loci. In populations of A. parryi, the number of alleles (A) per locus ranged from 3.67 to 10.33, A R ranged from 4.402 to 9.434, and H E ranged from 0.586 to 0.762 (Table 1) .
population Structure
Overall, populations of A. palmeri showed little genetic differentiation. Pairwise genetic differentiation between populations as measured using Jost's D was overall low for A. palmeri, ranging from −0.009 to 0.1145 (mean = 0.040; Table 2 Table 2 ). Similarly, plots of Jost's D vs. geographical distance did not reveal any relationships between the two variables, even within different geographical distance classes (Fig. S1 ), and analysis of spatial autocorrelation did not find significant genetic structuring across geographical distances (Fig. S1 ). When accounting for null alleles, F ST values in A. palmeri were lower than Jost's D values and ranged from 0.003 to 0.038 (mean = 0.013, Table S3 ).
In contrast to the lack of genetic structure found in A. palmeri, we found greater genetic differentiation among populations of A. parryi. Jost's D ranged from −0.009 to 0.487 (mean = 0.254), was generally lowest among groups of geographically proximal populations and generally increased with geographic distances. For example, the smallest Jost's D value was found between the geographically proximate (1.16 km) populations APY10 and APY11 (−0.018; Fig. 1B, Table 2 ) and the largest Jost's D value was found between more geographically distant populations (42.3 km) APY3 and APY9 (0.487; Fig. 1B, Table 2 ), although these were certainly not the most geographically distant populations in the study. Despite geographically proximal populations being more genetically similar in general, Mantel tests did not detect significant IBD in A. parryi. (r = 0.037, P = 0.303). Plots of Jost's D vs. geographical distance and spatial autocorrelation also did not reveal any relationships, even when considering groups of populations within different distance classes (Fig. S1) .
STRUCTURE analyses found clear genetic structure in A. parryi, but virtually no genetic structure in A. palmeri. In the STRUCTURE run that included only A. palmeri, the -ln likelihood values plateaued at K = 1 or 2; however, plots at K = 2 showed no well-defined patterns of genetic structure, indicating that the optimal value of K was 1 (Fig. S2) . In the STRUCTURE run that included only A. parryi, the optimal K value was K = 3 (Fig. S2) , and genetic structure corresponded to geography (Fig. 2) , with populations grouped into the following three groups: (1) four populations from high-elevation areas on the eastern side of the Huachuca Mountains (APY1-4), (2) five populations from lower-elevation areas to the north-west of the Huachuca Mountains in the Canelo Hills and Santa Rita Mountains (APY6/9-12) and (3) three populations from the northern part of the range on the north side of the Santa Catalina Mountains and the Galiuro Mountains in Arizona and the Pinos Altos Range in western New Mexico (APY5/7/8) (Fig. 2) . Two of these genetic groups (APY1-4 and APY6/9-12) were sampled in close proximity but on opposite sides (either to the east or north-west) of the Huachuca Mountains, which are almost 3000 m at their highest elevation (Fig. 2) . The third genetic group (APY5/7/8) was found in the northern part of the range of the species and, relative to the other populations, was located on the opposite side (to the east) of the Santa Catalina Mountains, which are also nearly 3000 m in elevation.
analySiS of anthropogenic originS
In A. parryi, several populations were found at lowerthan-expected elevations and demonstrated lower genetic diversity (Table 1) , both of which have been described as signatures of past human cultivation by Parker et al. (2010 Parker et al. ( , 2014 . For example, plants sampled from populations in the Canelo Hills and Santa Rita Mountains (APY6/9-12) were located at an average elevation of 1700 m and had an average of 4.29 alleles per locus and an average allelic richness of 4.928, whereas plants from the remaining, putatively wild populations (genetic clusters APY1-4 and APY5/7/8) were sampled at an average elevation of 2100 m, and had an average of 8.59 alleles per locus and an average allelic richness of 7.986. Conversely, we did not find evidence for anthropogenic origins in A. palmeri, as no populations had both markedly lower genetic diversity and were collected at lower elevations.
DISCUSSION
In this study, we analysed and compared patterns of genetic diversity and population structure in two Agave spp. that have similar pollination syndromes and seed dispersal vectors, but differ in their continuity of geographical distribution (continuous vs. patchy). The species are both thought to have a history of anthropogenic use (Castetter et al., 1938) , but A. parryi has a documented history of cultivation (Minnis & Plog, 1976; Ford, 1981; Fish et al., 1985) , whereas there is no documented evidence of historical cultivation of A. palmeri. We found that despite the fact that both species have pollinators and seed dispersal vectors that are capable of moving genetic material long distances, the differences in the continuity of the distributions of the species resulted in differences in the patterns of genetic structure in these two species. Agave parryi, which has a patchy range, showed significant genetic structure, whereas we found no genetic structure A. palmeri, which has with a more continuous range. Agave parryi also showed signatures of cultivation based on the criteria suggested by Parker et al. (2014) , with some populations occupying sites at lower elevations than is typical for the species and having lower genetic diversity, whereas we did not find evidence of cultivation in A. palmeri using these criteria. Tables 1   and S1 . Pie charts correspond to the cluster colour and percentage membership to each cluster as assigned by STRUCTURE.
differenceS in genetic Structure between
A. pAlmeri and A. pArryi The first goal of this study was to understand whether the differences in the continuity of the distributions and life-history traits affected patterns of genetic structure in these species. The two Agave spp. differed strongly in the extent to which genetic variation was structured across the landscape. Agave parryi, which has a patchy distribution corresponding to high-elevation areas with higher average rainfall (Gentry, 1982) , demonstrated significant genetic structure, with sampled populations forming three distinct, geographically structured groups. In contrast, A. palmeri, which has a comparatively more continuous distribution in drier, mid-elevation areas throughout southern Arizona and northern Mexico (Gentry, 1982) , demonstrated virtually no genetic structure. Overall, genetic structure is created by limited migration among populations, genetic drift and different selection regimes occurring across populations (Wright, 1949) . In A. palmeri, the lack of genetic structure is probably the result of high genetic connectivity, which acts to homogenize populations and reduces the effects of genetic drift and selection. In A. parryi, migration among specific regions is clearly limited, such that these isolated groups of populations may experience genetic drift and differential selection regimes, leading to divergences in allele frequencies that give rise to genetic structure. These differences in the amount of migration between the two species may be the product of either differences in the continuity of their distributions, in the distances that pollen or seeds travel or both.
The main factors differing between the two Agave spp. that could affect their among-population migration rates are the continuity of their distributions and the amount of overlap between their flowering time and the presence of the nectar-feeding bat, L. yerbabuenae. The patterns of genetic structure in A. parryi suggest that the patchy distribution of the species is a significant barrier to migration and that mountain peaks and the low-elevation desert areas stretching between areas of suitable habitat for A. parryi may be effective barriers to the dispersal of genetic material. Conversely, the patterns of genetic structure for A. palmeri indicate that populations are distributed continuously enough that migration occurred among populations throughout the sampled range. It is also possible that the primary pollinators may differ slightly between the two species. Based on the chiropterophilic traits of the flowers, nectar-feeding bats have been proposed as important pollinators of A. parryi, but the relatively rare C. mexicana is the only bat species that is reliably present during the flowering of A. parryi. Leptonycteris yerbabuenae is unlikely to be an important pollinator of A. parryi in Arizona because the bat is only present sporadically during its blooming period, although it is present for a much larger proportion of the flowering period of A. palmeri and may be a more important pollinator for the species (Howell & Roth, 1981; Slauson, 2000) . However, the extent to which the predominant pollinators differ between the two Agave spp. is yet unknown; a detailed pollination study of both species throughout their flowering periods would be necessary to determine whether this is indeed a factor that may affect patterns of genetic structure. A study to understand temporal changes in the plant species visited by L. yerbabuenae in Arizona would also be useful for clarifying its importance as a pollinator for A. palmeri and A. parryi.
ability to detect SignatureS of cultivation
The second goal of the study was to compare the extent to which we can detect signatures of historical cultivation in the two Agave spp. We identified several populations of A. parryi that appear to be cultivated, based on their presence at lower elevations and markedly lower genetic diversity, whereas we did not find similar evidence of cultivation in A. palmeri. The ability to detect signatures of past cultivation in A. parryi is due in large part to the lack of genetic connectivity among populations of the species. Agave parryi is relatively rare and has a natural habitat ranging from mid elevations to the top of mountain peaks, such that cultivation of this species might have minimized long treks to distantly spaced populations and rugged mountainous habitats. Because of the difficulty in collecting A. parryi, the cultivated populations may have been established with only a few genotypes, producing a genetic bottleneck. It is also possible that a genetically diverse population was cultivated initially, but that only a subset of the genotypes survived at lower elevations. Additionally, the patchy distribution of A. parryi and the topological barriers present in the area probably prevented gene flow between putative anthropogenic and wild populations. The lower-elevation populations of A. parryi (where Parker et al., 2014 , found more basal offsets) may also reproduce asexually more frequently and have lower rates of sexual reproduction than other groups of populations.
Despite A. palmeri being one of the most utilized Agave spp. in south-eastern Arizona and south-western New Mexico (Castetter et al., 1938) , we did not find evidence of cultivation based on the criteria suggested by Parker et al. (2014) , which includes occupying sites at lower elevations than is typical for the species and having lower genetic diversity. It is possible that the species was locally abundant to the extent that there was no need for people in the region to cultivate it. Alternatively, if A. palmeri was locally abundant and also cultivated, its abundance would probably have provided a relatively diverse set of genotypes from which to select for cultivation, such that the cultivated populations would probably not have lower genetic variation. Furthermore, if A. palmeri was cultivated within its natural range, high levels of gene flow between wild and cultivated populations could actually have increased genetic diversity and decreased patterns of genetic structure among populations of A. palmeri.
CONCLUSIONS
Here, we found that these two Agave spp. showed large differences in the extent of structuring of genetic variation. The patchiness of the distribution of A. parryi, in combination with physical topographical barriers, may have acted to limit gene flow, resulting in well-defined patterns of genetic structure. In contrast, A. palmeri has a more continuous distribution and showed no structuring of genetic variation. Additionally, the species differ in the extent to which their flowering periods overlap with the presence of the nectar-feeding bat L. yerbabuenae, suggesting that the two Agave spp. may have slightly different suites of pollinators; however, in-depth pollination studies are needed to determine whether the pollinators of the Agave spp. indeed differ sufficiently enough to have an effect on the structuring of their genetic variation. The continuity of distribution, pollinators and cultivation history may all affect patterns of genetic connectivity of these Agave spp., which may have implications on speciation rate; in comparison to populations with distributions and life history traits that promote high genetic connectivity, those that have distributions and traits that reduce genetic connectivity can result in populations that become isolated more quickly.
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